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Summary
 Phylogenomics is increasingly used to infer deep-branching relationships while revealing
the complexity of evolutionary processes such as incomplete lineage sorting, hybridization/in-
trogression and polyploidization. We investigate the deep-branching relationships among
subfamilies of the Leguminosae (or Fabaceae), the third largest angiosperm family. Despite
their ecological and economic importance, a robust phylogenetic framework for legumes
based on genome-scale sequence data is lacking.
 We generated alignments of 72 chloroplast genes and 7621 homologous nuclear-encoded
proteins, for 157 and 76 taxa, respectively. We analysed these with maximum likelihood,
Bayesian inference, and a multispecies coalescent summary method, and evaluated support
for alternative topologies across gene trees.
 We resolve the deepest divergences in the legume phylogeny despite lack of phylogenetic
signal across all chloroplast genes and the majority of nuclear genes. Strongly supported con-
flict in the remainder of nuclear genes is suggestive of incomplete lineage sorting.
 All six subfamilies originated nearly simultaneously, suggesting that the prevailing view of
some subfamilies as ‘basal’ or ‘early-diverging’ with respect to others should be abandoned,
which has important implications for understanding the evolution of legume diversity and
traits. Our study highlights the limits of phylogenetic resolution in relation to rapid successive
speciation.
Introduction
Phylogenomic studies often focus on difficult-to-resolve, deep
relationships in the Tree of Life (e.g. in land plants; Wickett
et al., 2014), the deep-branching relationships of animals
(Simion et al., 2017), the root of Placentalia (Morgan et al.,
2013; Romiguier et al., 2013) and the initial radiation of
Neoaves (Suh, 2016). These studies have shown that many of
these relationships remain unresolved even when deploying large
genome-scale molecular sequence data, owing to lack of phyloge-
netic signal and/or conflicting signals between different genomic
regions (Rokas et al., 2003; Salichos & Rokas, 2013), such that
the inferred relationships are often only implied by a small frac-
tion of genes or characters (Shen et al., 2017). Therefore, fully
resolved phylogenies will probably remain elusive, but phyloge-
nomic analysis can provide important insights into the evolution-
ary processes that shape phylogeny and the underlying causes of
lack of phylogenetic resolution. For instance, incomplete lineage
sorting (ILS) or deep coalescence is widely recognized as a process
causing phylogenetic discordance among gene trees and is rou-
tinely invoked to explain conflicting genealogies, even though
few studies have provided compelling evidence for it (Suh et al.,
2015). Lack of phylogenetic signal and gene tree estimation
errors may be equally or more important (Scornavacca & Galtier,
2017; Richards et al., 2018), and, together with gene tree conflict
as a result of ILS, can cause polytomies in species trees, especially
associated with episodes of rapid divergence. It can be difficult to
determine whether such polytomies should be viewed as ‘soft’ in
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the case of insufficient data, or ‘hard’ in the case of (nearly)
simultaneous speciation (Suh, 2016), since the latter is often
implied by absence of evidence for resolved relationships, rather
than convincing evidence in favour of simultaneous speciation.
For deep divergences, in particular, polytomies and reticulate pat-
terns are expected to be difficult to analyse owing to the erosion
of phylogenetic signal over time by saturation of substitutions.
The legume family (Leguminosae or Fabaceae) is one of the
most prominent angiosperm families across global ecosystems and,
with c. 20 000 spp. (Lewis et al., 2005), it ranks third in size after
the orchids (Orchidaceae) and daisies (Compositae or Asteraceae).
More than three decades since the first molecular phylogenies of
the family were inferred (Doyle, 1995; Doyle et al., 1997), sus-
tained phylogenetic research (reviewed in LPWG, 2013a) culmi-
nated in the recent reclassification of the Leguminosae into six
subfamilies with diverse floral morphologies (Fig. 1a–f; LPWG,
2017). The defining feature of the family is the typical unicarpel-
late and unilocular superior fruit, which is referred to as the
‘legume’ or ‘pod’ (Fig. 1g). Legumes are the second most culti-
vated plant family after the Poaceae, and the species serve many
purposes for humans, including timber, ornamentals, fodder
crops, hallucinogens, medicines and, most notably, a large set of
globally important pulse crops (Fig. 1i). A key trait of many
legumes is the ability to fix atmospheric nitrogen (N) via symbiosis
with ‘rhizobia’-bacteria in root nodules (Fig. 1h), which leads to
enriched soils, high leaf N content and protein-rich seeds (McKey,
1994). Furthermore, legume species are omnipresent and often
abundant in nearly all vegetation types across the planet, ranging
from large rainforest trees to small temperate herbs, representing
one of the most spectacular examples of evolutionary and ecologi-
cal radiation of any angiosperm family (Fig. 1j–l).
Despite this prominence, a well-resolved phylogenetic frame-
work for the family, based on genome-scale data, is lacking and
the origin and early evolution, including deep-branching rela-
tionships among the six legume subfamilies, are poorly under-
stood, hampering research in comparative legume biology. Sister-
group relationships between subfamilies Papilionoideae and Cae-
salpinioideae (sensu LPWG, 2017), and of the clade combining
these two subfamilies with the newly recognized subfamily
Dialioideae, have been recovered previously (Lavin et al., 2005;
Bruneau et al., 2008; LPWG, 2017). However, the relationships
between the clade comprising those three subfamilies and the
other subfamilies Cercidoideae, Detarioideae and Duparque-
tioideae have not been confidently resolved (cf. Bruneau et al.,
2008; LPWG, 2017). Moreover, previous legume phylogenies
have been exclusively inferred from a handful of chloroplast
markers (Doyle et al., 1997; Wojciechowski et al., 2004; Lavin
et al., 2005; Bruneau et al., 2008; Simon et al., 2009; Cardoso
et al., 2012, 2013; LPWG, 2017), even though it is preferable to
infer species trees based on analysis of unlinked nuclear loci to
account for different evolutionary histories of individual genes
(Maddison, 1997).
Alongside improving resolution in the legume phylogeny, our
main objective is to investigate the causes of the lack of resolution
surrounding the initial divergence and deep-branching relation-
ships of legumes. First, we ask whether lack of phylogenetic signal
is causing lack of resolution, or whether previous studies simply
did not analyse sufficiently large datasets. Second, considering
gene tree discordance, can we choose among alternative topolo-
gies to reject a hard polytomy and find support for a fully bifur-
cating topology? In addition to analysing sequences of nearly all
protein-coding genes from the chloroplast genome, we analyse
thousands of nuclear gene alignments harvested from transcrip-
tomes and completely sequenced genomes, with a total aligned
length several orders of magnitude longer than those previously
used in legume phylogenetics. This means we can dissect and
analyse phylogenetic signal and conflict across unlinked loci, and
most likely rule out data deficiency as causing lack of resolution.
We analyse these new datasets with maximum likelihood (ML)
analysis, Bayesian inference (BI) and a multispecies coalescent
summary method to infer the most likely relationships among
the legume subfamilies. Having inferred the most likely species-
tree topology, we evaluate numbers of supporting and conflicting
bipartitions across gene trees for critical nodes, and discuss the
implications for understanding the early evolution of legumes.
Materials and Methods
DNA/RNA extraction and sequencing
For the newly generated chloroplast gene data, DNA was extracted
from fresh leaves, silica-dried leaf tissue or herbarium specimens,
using the DNeasy Plant Mini Kit (Qiagen). Sequencing libraries
were prepared using the NEBNext Ultra DNA Library Prep Kit
for Illumina (San Diego, CA, USA), and sequenced on the Illu-
mina HiSeq 2000 sequencing platform, at low coverage (‘genome-
skimming’), or as part of hybrid capture experiments for a separate
study on mimosoid legumes (E. J. M. Koenen et al., unpublished).
For the newly generated nuclear gene data, we used transcriptome
sequencing, using RNA extracted from fresh leaves using the
RNeasy Plant Mini Kit (Qiagen). RNA sequencing libraries were
prepared using the TruSeq RNA Library Prep Kit (Illumina) and
sequenced on the Illumina HiSeq 2000 platform. All laboratory
procedures were performed according to the specifications and
protocols provided by kit manufacturers.
Sequence assembly
Raw reads for the chloroplast DNA data were cleaned and filtered
as follows: Illumina adapter sequence artifacts were trimmed
using TRIMMOMATIC v.0.32 (Bolger et al., 2014); overlapping read
pairs were merged with PEAR v.0.9.8 (Zhang et al., 2014); low-
quality reads were discarded and low-quality bases at read ends
were trimmed with TRIMMOMATIC v.0.32 (using settings
MAXINFO:40:0.1 LEADING:20 TRAILING:20). Quality-fil-
tered reads were assembled into contigs using SPADES v.3.6.2
(Bankevich et al., 2012). For RNA data, we used the FASTX-
TOOLKIT v.0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.
html) to remove low-quality reads (< 80% of bases with a quality
score of 20 or higher), TAGDUST v.1.12 (Lassmann et al., 2009)
to remove adapter sequences, and PRINSEQ-LITE v.0.20.4 (Sch-
mieder & Edwards, 2011) to trim low-quality bases off the ends
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of reads. Transcriptome assembly was performed on the quality-
filtered reads using TRINITY (Grabherr et al., 2011; release 2012-
06-08), with default settings.
Chloroplast proteome alignment
DNA sequences of protein-coding chloroplast genes were newly
generated for 49 accessions, or extracted from data sources (Sup-
porting Information Table S1). Sequence data were extracted
directly from annotated plastomes in GenBank or by BLAST
searches from de novo assembled contigs and transcriptomes
against Medicago truncatula plastid coding reference sequences
using custom PYTHON scripts. Sequences for some outgroup taxa
(data from Moore et al., 2010) were downloaded separately per
gene from GenBank. For each gene, a codon alignment was
inferred using MACSE v.1.01b (Ranwez et al., 2011) with default
settings. Phylogenetic trees were inferred with RAXML v.8.2 (Sta-
matakis, 2014) for each gene separately to screen for erroneously
aligned sequences. For some species, individual gene sequences
that led to anomalously long terminal branches (> 10 times
longer than it’s sister group) were removed, as these are likely to
be poorly aligned and may produce spurious results. The genes
accD and clpP were removed, because they have been lost, pseu-
dogenized or relocated to the nuclear genome in several legume
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Fig. 1 Diversity, ecology and economic importance of legumes. (a–f) The family is subdivided into six subfamilies: (a) Cercidoideae (Bauhinia
madagascariensis); (b) Detarioideae (Macrolobium angustifolium); (c) Duparquetioideae (Duparquetia orchidacea); (d) Dialioideae (Baudouinia sp.); (e)
Caesalpinioideae (Mimosa pectinatipinna); and (f) Papilionoideae (Medicago marina). (g) While the family has a very diverse floral morphology, the fruit
(Brodriguesia santosii), which comes in many shapes and is most often referred to as a ’pod’ or ’legume’, is the defining feature of the family. (h) A large
fraction of legume species is known to fix atmospheric nitrogen symbiotically with ’rhizobia’, bacteria that are incorporated in root nodules, for example in
Lupinus nubigenus. (i) Economically, the family is the second most important of flowering plants after the grasses, with a wide array of uses, including
timber, ornamentals, fodder crops, and, notably, pulse crops such as peanuts (Arachis hypogaea), beans (Phaseolus vulgaris), chickpeas (Cicer arietinum)
and lentils (Lens culinaris). (j–l) Ecologically, legumes are also extremely diverse and important, occurring and often dominating globally across disparate
ecosystems, including: wet tropical forest, for example, Albizia grandibracteata in the East African Albertine Rift (j); savannas, seasonally dry tropical
forests, and semi-arid thorn-scrub, for example.Mimosa delicatula in Madagascar (k); and temperate woodlands and grasslands, for example, Vicia
sylvatica in the European Alps (l). Photographs: (a, b, d, i–l) Erik Koenen; (c) Jan Wieringa; (e–h) Colin Hughes.
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lineages (Magee et al., 2010; Williams et al., 2015; Dugas et al.,
2015), leading to poor-quality alignments. Gene alignments were
concatenated, the full alignment visually checked, and obvious
misalignments resolved. Furthermore, sequence errors (single
A/T indels) that caused frameshift mutations were corrected and
the accuracy of the alignment at codon level was assessed and cor-
rected if necessary. For the genes ndhF, ndhI, rpl20 and rps18,
where the ends of coding sequences had varying lengths, all sites
between the first and last stop codons in the alignment were
excluded, as they were poorly aligned. Finally, using BMGE v.1.12
(Criscuolo & Gribaldo, 2010) the codon alignment was trans-
lated to amino acid sequences.
Nuclear gene data and matrix assembly
Whole-genome and transcriptome data were downloaded from
various sources and augmented with newly generated transcrip-
tome sequence data for six Caesalpinioideae and Detarioideae
taxa (Table S2). Peptide sequences were downloaded from anno-
tated genomes, or extracted from transcriptome assemblies using
TRANSDECODER (http://transdecoder.github.io/). To assemble the
nuclear peptide sequence data into aligned gene matrices, we per-
formed mcl clustering using the pipeline of Yang & Smith
(2014), with a hit fraction cut-off of 0.75, inflation value of 2
and a minimum log-transformed e-value of 30. These settings
yield clusters with good overlap between sequences and good
alignability (omitting genes that are too variable), with loss of
only a few short gene clusters. The resulting homologue gene
clusters were subjected to two rounds of alignment with MAFFT
v.7.187 (Katoh & Standley, 2013), gene tree inference with
RAXML v.8.2 (Stamatakis, 2014), and pruning and masking of
tips and cutting deep paralogues as described in Yang & Smith
(2014). In the first round we used 0.3 and 1.0 as relative and
absolute cut-offs for trimming tips, and 0.5 as the minimum cut-
off for cutting deep paralogues, and keeping all clusters with a
minimum of 25 taxa for the second round. In the second round
we used more stringent cut-off values (0.2 and 0.5 for trimming
tips and 0.4 for cutting deep paralogs) (see Yang & Smith (2014)
for more information on these parameter settings). One-to-one
orthologues (i.e. homologue gene clusters in which each taxon is
represented by a single gene copy) and rooted ingroup (RT)
homologues were extracted from the homologue cluster trees,
with a minimum aligned length of 100 amino acids per homo-
logue. RT homologues are extracted by rooting homologue clus-
ter trees on the outgroup (here Aquilegia coerulea and Papaver
somniferum), detecting gene duplications and pruning the par-
alogue copies with fewer taxa present until each taxon is repre-
sented by a single copy. The outgroup is also pruned, and
clusters in which each taxon is only present once are also
included, meaning that all one-to-one orthologues are also in the
RT homologue set (see Yang & Smith, 2014 for a more details).
Sequences with > 50% gaps and all sites with > 5% missing data
were removed from the homologue alignments using BMGE. For
the one-to-one orthologues, alignments with < 50 taxa were dis-
carded. For the larger set of RT homologues, alignments with <
25 taxa were discarded. These cut-offs may appear overly strict,
but are probably important to reduce negative influences of miss-
ing data, particularly to avoid fragmentary sequences acting as
‘rogue’ taxa in gene tree estimation. Furthermore, the large
dataset size means that even after discarding alignments with <
50 or 25 taxa present, a very large number of gene trees and long
concatenated alignments still remain for analysis (see Results).
Phylogenetic inferences
Gene tree inferences were made with ML analysis in RAXML
v.8.2 (Stamatakis, 2014). Species tree analyses were performed
with ML in RAxML, using BI in PHYLOBAYES-MPI 1.7 (Lartillot
et al., 2013) and the multispecies coalescent summary method in
ASTRAL v.5.6.3 (Mirarab et al., 2014a).
Gene trees of one-to-one orthologues and RT homologues
were estimated with RAxML using the WAG +G model, with
100 rapid bootstrap replicates. We calculated 80% majority-rule
consensus trees for each orthologue or homologue and used these
to calculate internode certainty all (ICA) values using RAxML, in
order to include only nodes that received ≥ 80% bootstrap sup-
port (BS) in the individual gene trees. We also used the concor-
dance analysis in PHYPARTS (Smith et al., 2015), with a BS cut-off
of 50% and used the output to extract numbers of supporting
and conflicting bipartitions for plotting pie charts on the species
tree.
We used PARTITIONFINDER2 (Lanfear et al., 2017) to estimate
partitions for the ML analysis on nucleotide sequences of the
chloroplast alignment, with a minimum length per partition set
to 500 nucleotides, and allowing different codon positions per
gene in different partitions. The resulting 16 partitions were run
with the GTR +GAMMA model, with 1000 rapid bootstrap
replicates. For the amino acid sequences, the ML analyses of both
the chloroplast and concatenated nuclear one-to-one orthologue
alignments were run with the LG4X model, without partitioning,
as this model accounts for substitution rate heterogeneity across
the alignment by estimating four different LG substitution matri-
ces (Le et al., 2012). For the chloroplast alignment, 1000 rapid
bootstrap replicates were carried out.
Bayesian species tree analyses were performed in PHYLOBAYES-
MPI with the CATGTR model, with invariant sites deleted (as
recommended in the manual of v.1.5 for better Markov chain
Monte Carlo (MCMC) mixing) and default settings for other
options. Analyses on the chloroplast alignment were run until the
chain reached convergence (usually after 10 000–20 000 cycles),
and the first 10% of the chain was discarded as burn-in. To per-
form BI analyses on the complete one-to-one orthologue set in a
computationally tractable manner, we ran 25 gene jackknifing
replicates without replacement, dividing the total number of
genes over five subsets with five replicates. These subsampled
replicates were run in PHYLOBAYES-MPI, with a starting tree
derived from an analysis sampling the 100 genes with the longest
gene tree length, using the CATGTR model with constant sites
deleted, for 1000 cycles each. We found that all 25 chains had
converged after a few hundred cycles, and discarded the first 500
cycles of each as burn-in. A majority-rule consensus tree was con-
structed using sumtrees.py (from the Dendropy library
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Fig. 2 Phylogeny of legumes based on Bayesian analyses of 72 protein-coding chloroplast genes under the CATGTR model in PHYLOBAYES. (a) Majority-rule
consensus tree of the amino acid alignment, showing only the Fabales portion of the tree, outgroup taxa pruned; (b) complete tree including outgroup
taxa; (c) simplified tree showing support for subfamily relationships with different inference methods (ML, maximum likelihood; BI, Bayesian inference) and
sequence types (aa, amino acids; nt, nucleotides). Majority-rule consensus trees for both the amino acid and nucleotide alignments with tip labels for all
taxa and support values indicated are included in Supporting Information Figs S1 and S2. In (a) and (b), coloured circles indicate node support in posterior
probabilities (PP).
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(Sukumaran & Holder, 2010)) from 12 500 total posterior trees,
representing the MCMC cycles 501–1000 of each replicate. BI
analyses were also not partitioned, as the CATGTR model
describes heterogeneity across alignments more accurately than
partitioning by gene and/or codon as the substitution process also
varies across gene sequences and codon positions. The LG4X and
CATGTR models have been shown to provide a better fit to
empirical amino acid sequence data (Lartillot & Philippe, 2004;
Le et al., 2012) and amino acid sequences are more suitable for
resolving deep divergences because they are less saturated with
substitutions (silent substitutions are absent), and thus less prone
to long branch attraction. We have not analysed nucleotide
sequences for the large nuclear gene dataset to avoid costly com-
putation time to generate analyses that would be inferior to those
presented here.
For the multispecies coalescent analysis with ASTRAL, we used
ML topologies (not bootstrapped gene trees; see Mirarab et al.
(2014b)) of the one-to-one orthologue gene trees estimated with
RAxML, using local posterior probability and quartet support to
evaluate the inferred topology (Sayyari & Mirarab, 2016). We
also used the polytomy test in ASTRAL (Sayyari & Mirarab, 2018)
to evaluate whether a hard polytomy can be rejected for the rela-
tionships among subfamilies, where P < 0.05 is considered to
reject the null hypothesis of a polytomy.
We used SPLITSTREE4 to draw a filtered supernetwork (Whit-
field et al., 2008) of the 1103 one-to-one orthologues, using the
80% majority-rule consensus trees to only include well-supported
bipartitions to infer the network. Gene trees were pruned to
include only the N-fixing clade of angiosperms. Furthermore, for
the relatively densely sampled Papilionoideae and
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Fig. 3 Maximum likelihood phylogeny of legumes estimated with RAXML under the LG4X model from a concatenated alignment of 1103 nuclear
orthologues. Internode certainty all (ICA) values are indicated with coloured symbols on nodes for simplicity of presentation (see Supporting Information
Fig. S5 for actual support values for all nodes). For the first four divergences in the legume family, as well as the subfamily nodes for the four subfamilies
represented by more than one accession (nodes labelled A–H), pie charts indicate the proportions of gene trees supporting the relationship shown (blue),
supporting the most prevalent conflicting bipartition (yellow), supporting other conflicting bipartitions (red) and uninformative genes (i.e. no bootstrap
support (BS) and/or missing relevant taxa; grey). Numbers of bipartitions for the pie charts are derived from PHYPARTS analyses with a 50% BS filter.
Labelled nodes A–H are analysed in more detail in Fig. 6. Abbreviations for subfamilies: Cerc, Cercidoideae; Detar, Detarioideae; Dial, Dialioideae; Caes,
Caesalpinioideae; Pap, Papilionoideae.
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Caesalpinioideae, we discarded several taxa that were less well
represented across gene trees. The mintrees parameter was set to
552 (at least 50% of the number of orthologues) and the maxi-
mum distortion parameter to 0.
Counting supporting bipartitions for key nodes across gene
trees
Using a custom PYTHON script (Notes S1), numbers of matching
and alternative bipartitions across the RT gene trees were counted
for the nodes labelled A–H in Figs 3 and 4(b) (see later), to assess
monophyly of each of the subfamilies and combinations (clades)
of subfamilies, against the outgroup, across all gene trees. For
each gene tree, we first assessed whether all six groups (five sub-
families plus the outgroup) are present and gene trees with miss-
ing groups were not taken into account. Next, we evaluated
whether the gene tree includes a matching bipartition for the
family, each subfamily and all possible combinations of subfami-
lies. A matching bipartition means that all taxa of a subfamily or
combination of subfamilies are separated from all other taxa in
the gene tree, including the outgroup, thus constituting support
for that clade to be monophyletic. For combinations of
subfamilies, the subfamilies themselves do not necessarily need to
be monophyletic, but all taxa within the combined subfamilies
should be separated from all other taxa to constitute a matching
bipartition, and thus constitute a supported clade in the gene
tree. For a clade to be well supported, we expect matching bipar-
titions for a majority of gene trees. For clades to be poorly sup-
ported, we expect gene trees either to be uninformative as a result
of low phylogenetic signal or to contain significant conflicting
bipartitions, and hence relatively low numbers of matching bipar-
titions. All counts were done for ML gene trees of RT homo-
logues, and with 50 and 80% bootstrap cut-offs.
Results
The chloroplast alignment includes 72 protein-coding genes, for
157 taxa (including 111 legume species; Table S1), with a total
aligned length of 75 282 bp or 25 094 amino acid residues. From
transcriptomes and fully sequenced genomes, we gathered 9282
homologous nuclear-encoded gene clusters for 76 taxa, including
42 legume species (Table S2). From these clusters, we extracted
protein alignments of 1103 one-to-one orthologues for species
tree inference with a total aligned length of 325 134 amino acids
(a) (b)
PP
PP
PP
PP
Fig. 4 Bayesian and multispecies coalescent analyses yield congruent relationships, identical to those in Fig. 3 obtained with maximum likelihood (ML)
analysis of nuclear data. (a) Bayesian gene jackknifing majority-rule consensus tree of concatenated alignments of c. 220 genes per replicate. Support
indicated by coloured circles on nodes represents posterior probability (PP) averaged over 25 replicates for 500 posterior trees each (in total, 12 500
posterior trees). (b) Phylogeny estimated under the multispecies coalescent with ASTRAL fromML gene trees. Support indicated by coloured symbols on
nodes represents local posterior probability. Pie charts show relative quartet support for the first (blue) and the two (yellow and red) alternative quartets. P-
values for the polytomy test are given for nodes B, E and F below the respective pie charts for those nodes. Significance (P ≤ 0.05) is indicated with an
asterisk (see Supporting Information Figs S6, S7 for phylogenetic trees with all PP and quartet support values indicated). Abbreviations for subfamlies: Cerc,
Cercidoideae; Detar, Detarioideae; Dial, Dialioideae; Caes, Caesalpinioideae; Pap, Papilionoideae.
 2019 The Authors
New Phytologist 2019 New Phytologist Trust
New Phytologist (2019)
www.newphytologist.com
New
Phytologist Research 7
when concatenated, and 7621 RT homologues for additional
gene tree inference. The alignments, gene trees and species trees
are available in TREEBASE (http://purl.org/phylo/treebase/phy
lows/study/TB2:S25315) and Datasets S1–S6.
We used different accessions for the chloroplast and nuclear
datasets for some species that are present in both (nine altogether;
see Table S1), meaning they are probably derived from different
individuals of the same species. This is unlikely to cause conflict-
ing results as we focus on deep-branching relationships, and
moreover their phylogenetic positions are fully congruent in the
chloroplast and nuclear species trees.
Inferring the species tree
Our analyses reveal that both the chloroplast and nuclear datasets
resolve all subfamilies as monophyletic with (nearly) full support
(Figs S1–S7). The relationships among the subfamilies are less
robustly resolved (Figs 2–4, S1–S7), with, in particular, the posi-
tion of the root of the family and the Caesalpinioideae-Papil-
ionoideae sister relationship receiving low support in some
analyses, and indeed a polytomy could not be rejected for the lat-
ter. The clade consisting of Papilionoideae, Caesalpinioideae and
Dialioideae is recovered in all analyses, with Duparquetia as the
sister group to this clade as inferred from chloroplast data.
Duparquetia is not sampled for nuclear data. Transcriptome or
genome sequencing is necessary for this taxon to confirm the rela-
tionship found by chloroplast data. The position of the root of
the legume family (i.e. the relationships between Cercidoideae,
Detarioideae and the clade comprising the remaining subfami-
lies) is more difficult to resolve, presumably because of the long
stem branch, and here the chloroplast and nuclear datasets esti-
mate conflicting topologies. The chloroplast alignment weakly
supports Cercidoideae as sister to the rest of the family (Figs 2c,
S1–S4), except in the BI analysis of nucleotide sequences. This
suggests that the sister-group relationship of Cercidoideae with
the rest of the family is the most likely rooting as inferred from
chloroplast data, but given the low BS values and lack of resolu-
tion in the BI analysis of nucleotide sequences, phylogenetic sig-
nal in the chloroplast data with regard to the root node appears
to be limited.
In contrast to the chloroplast phylogeny, in all analyses of the
1103 nuclear one-to-one orthologues, we recover a sister-group
relationship between Cercidoideae and Detarioideae, with this
clade sister to the clade comprising Dialioideae, Caesalpinioideae
and Papilionoideae (note that Duparquetioideae was not sam-
pled) (Figs 3, 4, S5–S7). We inferred a ML tree of the concate-
nated alignment with the LG4X model, and calculated ICA
values from bootstrapped gene trees on this topology (Figs 3c,
S5), for which only gene tree bipartitions that received at least
80% BS were considered. The internode certainty metric was
introduced to assess phylogenetic conflict among loci and iden-
tify internodes with high certainty, particularly in phylogenomic
studies where bootstrap values are often inflated (Salichos &
Rokas, 2013). The sister-group relationship between Cerci-
doideae and Detarioideae is well supported, receiving an ICA
value of 0.85. A Bayesian jackknifing analysis with the CATGTR
model infers a nearly identical topology to the ML topology (Figs
4a, S6), with posterior probability of 0.91 in support of this same
relationship. The multispecies coalescent species tree inferred
with ASTRAL (Mirarab et al., 2014a), which accounts for ILS, is
also consistent with that relationship (Figs 4b,c, S7), with the
Cercidoideae/Detarioideae clade supported by a local posterior
probability of 0.95 (Sayyari & Mirarab, 2016), and a polytomy is
rejected for this node (Fig. 4b). In summary, all analyses of
nuclear protein alignments lend strong support for a sister-group
relationship between Cercidoideae and Detarioideae.
The other contentious relationship, the sister-group relation-
ship between Caesalpinioideae and Papilionoideae, is fully sup-
ported in the chloroplast analyses (Fig. 2c), well supported in the
Bayesian jackknife analysis of nuclear orthologues (Fig. 4a) and
also more prevalent than the second most prevalent bipartition
among gene trees (Fig. 6d; see later). However, the ICA value for
this node is low (0.70) relative to the other nodes along the back-
bone (Figs 3, S5), and ASTRAL did not reject a polytomy for the
relationships among these two subfamilies and Dialioideae.
The SPLITSTREE network (Fig. 5) shows relationships that are
largely in line with the nuclear species tree, but is not entirely
tree-like, including along the backbone of the family where edge
lengths are shorter than elsewhere in the network.
Evaluation of gene tree support and conflict
While the chloroplast and nuclear phylogenies show different
topologies with regard to the first two dichotomies within
legumes, all analyses of the nuclear data (ML, BI and multispecies
coalescent) yield the same topology at the base of the family (Figs
3, 4), showing a sister-group relationship of Cercidoideae and
Detarioideae and a clade comprising the remaining three sampled
subfamilies as their sister clade. Because the nuclear dataset com-
prises 1103 loci sampled from across the nuclear genome that are
therefore probably largely unlinked, while the recombination-free
chloroplast genome constitutes just a single locus, the nuclear
topology should be considered a more realistic estimate of the
species tree topology. However, when evaluating gene tree con-
flict, it is clear that many conflicting bipartitions exist, with the
most prevalent being nearly as frequent across gene trees as com-
patible bipartitions (Fig. 3). The quartet support calculated by
ASTRAL is also low (37%, with alternative quartet supports 33%
and 30%; Fig. 4b). The relationships among the remaining three
sampled subfamilies are also supported by significantly fewer
bipartitions and lower quartet support than, for example, the
legume crown node (pie charts in Figs 3, 4b).
We also sought to evaluate in a more intuitive way how much
support and conflict there are among gene trees for the deepest
divergences in the legume family. For nodes A–H in Fig. 3, we
counted how often a bipartition equivalent to that node in the
species tree is encountered across gene trees, and how often those
bipartitions received at least 50% or 80% BS. We did this on all
RT homologues (n = 7621) in which all subfamilies and the out-
group were represented by at least one taxon, leading to 3473
gene trees being considered. This shows that the legume family as
a whole (node A), and the four subfamilies for which more than
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one taxon was sampled (nodes C, D, G and H), are all found to
be monophyletic across the majority of gene trees (Fig. 6a;
Table S3), and those bipartitions mostly receive at least 50% or
80% BS (Fig. 6a). Nodes B, E and F (i.e. the relationships among
the subfamilies) are recovered in many fewer gene trees, especially
when considering only bipartitions with at least 50 or 80% BS.
Expressing these differences in percentages of the total number of
gene trees (n = 3473), this difference becomes especially stark,
with nodes A, C, D, G and H receiving at least 80% BS in
33.14–74.43% of gene trees, while the same BS value is found in
only 1.38%, 2.62% and 1.21% of gene trees for nodes B, E and
F, respectively. For these latter three nodes, we checked how
often the most important conflicting bipartitions were present
(Fig. 6b–d; Table S3). These conflicting bipartitions are each less
prevalent than those found by the concatenated ML and BI anal-
yses as well as by ASTRAL. This confirms that the recovered topol-
ogy represents the relationships among legume subfamilies that is
supported by the largest fraction of the genomic data used here,
despite lack of phylogenetic signal across these nodes (Fig. 3) and
significant and well-supported gene tree conflict (Fig. 6b–d).
Discussion
Resolving the deep-branching relationships in the
Leguminosae
Previous phylogenetic studies aimed at resolving deep relation-
ships in legumes have relied on only a few chloroplast markers
(Doyle et al., 1997; Wojciechowski et al., 2004; Lavin et al.,
2005; Bruneau et al., 2008; LPWG, 2017), but here we show
that even 72 protein-coding genes from the chloroplast genome
fail to consistently resolve the root node with high support
(Fig. 2c). Furthermore, substitution rate variation as evident from
branch length disparity among legume subfamilies (Fig. 2a) (as
previously shown for matK and rbcL by Lavin et al., 2005),
implies that while the chloroplast genome may be a useful marker
to resolve relationships within Papilionoideae (particularly within
the 50 kb-inversion clade), it is of limited use in other subfami-
lies, particularly Caesalpinioideae (Fig. 2a). Clearly, moving
beyond the chloroplast genome and analysing nuclear gene data
is necessary to improve phylogenetic hypotheses for the legume
family, as found for other parts of the plant tree of life where
chloroplast data have proven insufficiently informative (e.g. to
resolve Mesangiosperms; Moore et al., 2010; Li et al., 2019).
Nuclear data are also essential to detect conflicting signals across
genomes. Using nuclear gene data, we recovered a best-supported
topology for the subfamily relationships (Figs 3, 4) that is differ-
ent from the weakly supported chloroplast topology (Fig. 2), and
also quantified the strength of phylogenetic signal for alternative
topologies (Fig. 6).
We show that the difficulty of obtaining resolution for deep
divergences in the legume family is in part caused by lack of phy-
logenetic signal in the chloroplast genome and a large fraction of
the sampled nuclear genes (Fig. 3), with too few substitutions
having accumulated along the deepest short internodes, leading
to only a small fraction of the gene trees showing strong support
(≥ 80% BS) for relationships among these (Fig. 6; Table S3).
However, for a proportion of those genes that have sufficient
phylogenetic signal, we find strongly supported conflicting evolu-
tionary histories. Alongside methodological issues such as poor
Fig. 5 Filtered supernetwork inferred from the 1103 one-to-one orthologues, with extremely short internal edges around the origin of the legumes,
highlighting their near-simultaneous divergence.
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orthology inference for a number of genes, this conflict is proba-
bly caused by ILS (Pamilo & Nei, 1988; Maddison, 1997).
Indeed, strong gene tree conflict caused by ILS is thought to be
common when internodes are short owing to rapid diversification
and this provides an explanation as to why many relationships are
contentious at all taxonomic levels (e.g. Pollard et al., 2006; Suh
et al., 2015; Moore et al., 2017; but see Scornavacca & Galtier,
2017 and Richards et al., 2018). Ancient hybridization could also
lead to gene tree conflict; however, for such deep divergences as
the earliest dichotomies in the legume family, it will be difficult
to distinguish among deep coalescence and postspeciation gene
flow. However, given the similar quartet frequencies for alterna-
tive topologies in the ASTRAL analysis for each of these
dichotomies (Fig. 4b), ILS is probably predominant.
Taken together, this could suggest that a fully bifurcating
tree is an inadequate representation of the initial radiation of
the legumes. As we show, genes have many different evolu-
tionary histories across the backbone (Table S3), while the
species tree merely represents the dominant evolutionary his-
tory. In the case of complete lack of phylogenetic signal, or
equally prevalent conflicting evolutionary histories without a
single dominant one, this would constitute a hard polytomy,
implying (nearly) instantaneous divergence of three or more
lineages, as demonstrated for Neoaves (Suh, 2016). In the
legumes, there does appear to be one dominant evolutionary
history in the relationships among subfamilies supported by a
larger fraction of gene trees (Fig. 6), suggesting that the deep-
branching relationships can be represented by a fully
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Fig. 6 Leguminosae and its subfamilies are each supported by a large fraction of gene trees, in contrast to relationships among the subfamilies. (a)
Prevalence of bipartitions that are equivalent to nodes A–H (see Figs 3, 4b) among the 3473 gene trees inferred from the rooted ingroup homologue
clusters (including one-to-one orthologues) in which all five subfamilies and the outgroup were included. Numbers of bipartitions are shown as counted
from the best-scoring maximum likelihood (ML) gene trees as well as taking only bipartitions with ≥ 50% and ≥ 80% bootstrap support (BS) into account,
as indicated in the legend. (b–d) Prevalence of bipartitions for nodes B, E and F plotted next to the most common alternative bipartitions. The locations of
the stars in the illustrations indicate the internodes of the phylogeny that are equivalent to the bipartitions for which counts are plotted below, as counted
from the ML estimates and for bipartitions with ≥ 50% or ≥ 80% BS. Colours of the stars correspond to the colours of the bars in the bar plots.
Abbreviations in tree plots in (b–d) are as follows: Out, outgroup; Cerc, Cercidoideae; Detar, Detarioideae; Dial, Dialioideae; Caes, Caesalpinioideae; Pap,
Papilionoideae; C; D, Cercidoideae + Detarioideae; D; C; P, Dialioideae + Caesalpinioideae + Papilionoideae; C; P, Caesalpinioideae + Papilionoideae.
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bifurcating topology. A hard polytomy at the root node of
the legumes is also rejected by ASTRAL, but the same test did
not reject a polytomy among Dialioideae, Caesalpinioideae
and Papilionoideae. This is unexpected because the relation-
ships among these have been recovered in previous studies
(Bruneau et al., 2008; LPWG, 2017), and are recovered in
all our analyses (Figs 2–4, S1–S7) with generally high support
(Figs 2c, 4a, S1–S4, S6). The bipartition counts (Fig. 6d)
also suggest that a hard polytomy can probably be rejected
for the relationships among these three subfamilies. However,
the ICA value for a sister-group relationship of Caesalpin-
ioideae and Papilionoideae is lower than for Cercidoideae and
Detarioideae (0.70 vs 0.85) and support is even weaker in
the ASTRAL analysis (0.58 pp). As the levels of conflict are
similar to that for the position of the root of the legumes
(Fig. 5b,d), the lower support and failure to reject a poly-
tomy may be caused by deeper gene coalescences than for the
Cercidoideae/Detarioideae clade and/or introgression shortly
after divergence. The reticulate pattern observed at the base
of Caesalpinioideae in the supernetwork (Fig. 5) might also
indicate a hybrid origin of that subfamily, which merits fur-
ther research. With denser taxon sampling, in particular for
Dialioideae, for which we sampled just one species, it may
also be possible to reject a hard polytomy across this clade.
A further complication potentially affecting phylogeny recon-
struction is the occurrence of whole-genome duplications
(WGDs) in the early evolution of the legumes (Cannon et al.,
2015; Stai et al., 2019), which could lead to issues with ortho-
logue detection. Although the homologue trees inferred here dur-
ing the orthologue selection procedure are suitable to test the
placements of WGDs on the phylogeny, this is beyond the scope
of this study and is addressed elsewhere (E. J. M. Koenen et al.,
unpublished).
In conclusion, we show that the most likely legume species tree
is ((Cercidoideae,Detarioideae),(Duparquetioideae,(Dialioideae,
(Caesalpinioideae,Papilionoideae)))). That legumes diversified
rapidly following their origin was previously shown by Lavin
et al. (2005), but here we demonstrate in greater detail that it is
the relationships among subfamilies that are represented by par-
ticularly short internodes, generating conflicting relationships
across gene trees indicative of ILS, with long stem lineages sub-
tending each subfamily and the family as a whole (Figs 2–4, 6,
S1–S7). This latter finding contrasts with those of Lavin et al.
(2005) who inferred a rather short stem lineage for the family,
probably an artefact of fixing the age of the stem node in their
dating analyses. Nevertheless, the branching order among the
subfamilies is rather insignificant, as further highlighted by the
supernetwork (Fig. 5), which shows short edges and reticulation
along the backbone of the family, indicative of a near-simultane-
ous divergence of the subfamilies. Over the past decade, there
was considerable debate about how many and which subfamilies
of legumes should be recognized (LPWG, 2013b, 2017). That
Leguminosae comprise six (nearly) simultaneously originating
lineages, as demonstrated here, strongly supports the outcome of
that debate, that is, the recognition of six legume subfamilies
(LPWG, 2017).
Implications for our understanding of the evolution of
legume diversity and traits
The near-simultaneous divergence of the six main legume lin-
eages is highly relevant for understanding the evolution of legume
diversity and the appearance of key traits. Over the last few
decades, the prevailing characterization of legume evolution has
been that of mimosoids and papilionoids as derived clades that
evolved from a paraphyletic grade of caesalpinioid legumes (e.g.
LPWG, 2013a). This led to the misplaced characterization of sev-
eral caesalpinioid lineages as in some way ‘basal’ or ‘early-diverg-
ing’ (see LPWG, 2013a and references therein). Such
characterizations are commonly made, but are in reality phyloge-
netic misinterpretations, given that basal nodes are ancestral
nodes and at each bifurcating node two sister groups diverge from
each other concurrently, neither of them earlier (Crisp & Cook,
2005). Species-poor successive sister-groups of species-rich clades
are often mistakenly referred to as basal or early-diverging, and
this appears also to have been the case in legumes, where the
mimosoids and papilionoids have (vastly) more species than
other lineages such as Cercidoideae, Detarioideae, Duparque-
tioideae and Dialioideae. This can lead to the erroneous assump-
tion that lineages such as Cercidoideae, Detarioideae and
Dialioideae have retained more ancestral traits than the species-
rich mimosoid and papilionoid clades (Crisp & Cook, 2005).
Near-simultaneous divergence of the six subfamilies, and a
rather insignificant branching order among them, provide addi-
tional arguments to abandon the idea of ‘early-diverging’ lineages
in legumes. Most trait evolution likely occurred along the long
stem lineages of the family and subfamilies, rather than as derived
legume traits having evolved in a stepwise fashion across the first
divergences in the family. In comparative analyses, the branching
order among subfamilies is unlikely to be meaningful and it
should be effectively considered a polytomy with respect to trait
evolution. We therefore suggest that typical legume traits evolved
along the stem lineage of the family and were shared by the earli-
est stem relatives of each subfamily (i.e. the earliest stem relatives
of each subfamily probably had similar traits).
The near-simultaneous divergence of subfamilies suggests that
many traits shared across legume subfamilies (Table 1 in LPWG,
2017) could be plesiomorphic, having been independently lost or
modified in some subfamilies and retained in others. An alterna-
tive hypothesis is that these traits are not ancestral to all legumes
and have evolved independently in different lineages, leading to
homoplasy. Somewhat intermediate is the hypothesis of a shared
cryptic precursor trait that can lead to deep homology, where
similar traits evolved independently from a shared genetic basis
(Shubin et al., 2009; Scotland, 2010). For instance, this could
potentially explain the homoplasious distribution of extrafloral
nectaries across legumes (Marazzi et al., 2012), which are present
in several subfamilies but are different in structure and location,
casting doubt on a single origin and prompting the possibility of
a shared genetic precursor (Marazzi et al., 2012, 2019).
However, the precursor trait hypothesis may be motivated
more by the notion that massive parallel loss of a trait is less parsi-
monious than assuming a few more independent gains. For
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instance, the evolution of N fixation in root nodules, a trait that
is especially prominent in legumes, has been suggested to be
driven by a cryptic precursor in the N-fixing clade of angiosperms
(Werner et al., 2014), with five independent gains in legumes,
within subfamilies Caesalpinioideae and Papilionoideae, being
most parsimonious (Doyle, 2016). Recent genomic evidence,
however, supports a single origin of nodulation shared by the
whole N-fixing clade of angiosperms, with massive parallel losses
in each of the four orders (Cucurbitales, Fabales, Fagales and
Rosales) that make up the clade (van Velzen et al., 2018a; Gries-
mann et al., 2018). This suggests that the legume ancestor was
also a nodulator, and given the rapid initial divergence of legumes
documented here, stem relatives of all subfamilies probably also
had the ability to nodulate, but nodulation was presumably lost
in parallel along the long stem lineages or early in the crown
group divergences of Cercidoideae, Detarioideae, Duparque-
tioideae and Dialioideae, in which no nodulating species are
known. Determining when and why nodulation has been lost in
all but two legume subfamilies will be important for understand-
ing the causes of massive parallel loss of nodulation in the N-fix-
ing clade of angiosperms (van Velzen et al., 2018b).
Examples of other traits that are either plesiomorphic or
homoplasious among and/or within subfamilies include wood
with vestured pits (also present in some Polygalaceae (Jansen
et al., 2001) and absent in Cercidoideae, Duparquetia and most
Dialioideae (LPWG, 2017)); ectomycorrhizal symbiosis (known
to occur in Detarioideae, Caesalpinioideae and Papilionoideae
(Smith et al., 2011)); and floral symmetry that is variable across
all nonmonotypic subfamilies (Cardoso et al., 2013; Bruneau
et al., 2014; LPWG, 2017; Ojeda et al., 2019). These and other
traits are candidates for comparative (genomic) analyses based on
the new phylogenetic framework presented here, to test the
hypothesis that several key legume traits are ancestral with multi-
ple independent losses rather than independent gains.
Finally, our findings are also relevant for inferring the place-
ments of WGDs and reconstructing the ancestral legume
genome. For example, the recent suggestion by Stai et al. (2019)
that Cercis could represent the genome duplication status of the
ancestral legume is in part based on placement of Cercidoideae as
sister to the rest of the legumes, which we show is only poorly
supported in the chloroplast alignment and not the most likely
species tree topology based on nuclear genes.
Concluding remarks
In this study, we present some of the first phylogenetic analyses
using genome-scale data for the Leguminosae, sampling represen-
tatives of all six subfamilies. Although our results show over-
whelming support for monophyly of the family and each of the
five nonmonotypic subfamilies, there is both a paucity of phylo-
genetic signal across the majority of genes and strongly conflict-
ing relationships found across a small proportion of gene trees
regarding relationships among them. This suggests that the six
main lineages of legumes originated in quick succession, or nearly
simultaneously, with significant implications for understanding
the evolution of legume diversity and traits.
We also show that it is essential in phylogenomic studies to
explicitly evaluate conflicting phylogenetic signals across the
genome. By taking into account alternative topologies with high
BS across gene trees (Fig. 6), the phylogenomic complexity of the
initial radiation of the legumes is revealed. More generally, this
study adds to an increasing understanding of the limits to phylo-
genetic resolution, suggesting that genome-scale data may yield
only relatively minor enhancements in topological robustness,
and highlighting the role of rapid successive deep divergences in
causing lack of phylogenetic signal and gene tree conflict across
the Tree of Life.
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